We demonstrate a Si sub-bandgap photodiode in a photonic crystal slow-light waveguide that operates at telecom wavelengths and can be fabricated using a Ge-free, standard Si-photonics CMOS process. In photodiodes based on absorption via mid-bandgap states, the slow-light enhancement enables performance that is well balanced among high responsivity, low dark current, high speed, wide working spectrum, and CMOS-process compatibility, all of which are otherwise difficult to achieve simultaneously. Owing to the slow-light effect and supplemental gain at a high reverse bias, the photodiode shows a responsivity of 0.15 A∕W with a low dark current of 40 nA, which is attributed to no particular processes such as ion implantation and excess exposure of the Si surface. The maximum responsivity was 0.36 A∕W. The modest gain allows for sufficient frequency bandwidth to observe an eye opening at up to 30 Gb∕s.
Because Si photonics realized by a CMOS-compatible process has the advantages of dense photonic integration and low manufacturing cost, it has become a popular platform for fabricating optical interconnects. Germanium (Ge) is usually used for fabricating photodiodes (PDs) in Si photonics because it absorbs telecom wavelengths (λ 1.3-1.6 μm) well and can be integrated monolithically with Si waveguides [1] . The responsivity and frequency bandwidth of Ge PDs in Si photonics are typically higher than 0.5 A∕W and wider than 10 GHz, respectively; however, their integration requires epitaxial growth and high-temperature annealing processes, which are costly and complicate the integration of photonics and electronics. An additional drawback of epitaxially grown Ge is a high dark current of the submicroampere to microampere order, which limits its applications. If a Si PD that can detect telecom wavelengths could be developed, these problems would be greatly reduced. Two-photon absorption is a candidate process for detecting such sub-bandgap wavelengths [2] . However, because it requires a high-input optical power, it is only applicable to intense optical pulses. For typical optical signals, linear absorption via midbandgap states (impurity and defect states [3] [4] [5] [6] [7] [8] [9] and surface states [10] [11] [12] ) should be more advantageous. When a p-ndoped Si waveguide alone is used for such sub-bandgap detection, the responsivity is much lower than 0.1 A∕W, even for a device length of several hundred micrometers, owing to the low density, and hence low absorption cross section, of the midbandgap states. As a result, three different approaches to gaining high responsivity have been investigated. The first method is to increase the mid-bandgap states through ion implantation into Si, use of intrinsic poly-Si, and excess exposure of the Si surface. However, the first two of these are special processing methods not used in standard CMOS-compatible processes, while the latter may be sensitive to the processing condition and is therefore unstable. Moreover, in all three methods, the dark current is increased severely to a level comparable to or even higher than that of Ge. The second approach is to introduce gain via avalanche breakdown [5] [6] [7] 11] and cyclic excitation [13] . However, these methods also increase the dark current at a high bias, and their high gain constrains the bandwidth to a few GHz. The third approach is to use optical resonance in microrings [4] [5] [6] 9, 12] and photonic crystal cavities [8] . The obvious drawback of this approach is a narrow working spectrum typically on the order of 0.1 nm in width, which is too thin to allow for general application. In addition to limiting the response speed, the narrow spectrum requires a complicated device configuration for compensating temperature fluctuations [9] .
Concurrently, Si optical modulators operated by the carrier plasma effect in p-n-junction-loaded phase shifters have been developed as a key component in Si photonics [14] . If a p-n junction with no additional processing absorbs guided light via the mid-bandgap states, the modulator can also be used as a sub-bandgap PD and optical transceiver action is possible only by changing the applied bias. So far, p-n-doped Si microrings have been studied as both modulators and sub-bandgap PDs. We have studied Si photonic crystal waveguides (PCWs), which exhibit slow light with a wide working spectrum of 10-20 nm at telecom wavelengths [15] . We applied PCWs in Mach-Zehnder (MZ) modulators as compact phase shifters in which the slow light enhances efficiency [16] . Based on this research, we can expect that slow light will also enhance responsivity when it is used as a sub-bandgap PD. In this Letter, we demonstrate such PD operation in a PCW modulator, suggesting the future potential of optical transceiver action. Basically, this PD is also operated by the absorption via the mid-bandgap states (defect states), in which responsivity is low without ion implantation, but slow light enhances the responsivity. More importantly, we show that the use of the slow light breaks constraints in the Si sub-bandgap PD among high responsivity, low dark current, high speed, wide working spectrum, and complete CMOS-process compatibility.
The Si PCW modulator (phase-shifter length 200 μm) was fabricated using a CMOS-compatible process with a minimum feature size of 180 nm, as shown in Fig. 1 . No particular processing was necessary for fabricating 200-nm-diameter holes with a 400-nm pitch of the Si photonic crystal fully covered with silica cladding. The structural details were similar to those of the linear p-n-junction device in Ref. [16] . One difference was the doping concentration at the p-n junction: in our design, it was set at N A N D 4.8 × 10 17 cm −3 . Another difference was that we omitted the lattice shift that we often employ for flattening the group index n g spectrum of slow light. Because n g changes from 20 to >70 in the working spectrum of slow light without the lattice shift, we could evaluate the slow-light effect only by varying the wavelength. Although this device had a symmetric MZ circuit as a modulator, we evaluated the photocurrent from just one arm of the circuit in this experiment.
In our measurements, we controlled the polarization of cw laser light to transverse electric and coupled it to the spotsize converter of the device via a polarization-maintaining fiber with a lens. We applied the reverse bias voltage V DC to the p-n junction in the PCW via probes and detected the photocurrent. Figure 2(a) shows an example response of the PD measured for V DC −18 V at a wavelength of λ 1537 nm. The photocurrent changes almost linearly with the laser source output, which suggests that the detection is not due to the two-photon absorption but due to the absorption via the mid-bandgap states. The current-voltage characteristics at the same wavelength for a laser source output of 6 dBm are shown in Fig. 2(b) . A photocurrent I p 4.7-60 μA was observed for V DC from 0 to −18 V. At V DC > −15 V, the photocurrent increased exponentially, an effect that might be a result of the extension of the depletion region at the p-n junction; this extension is particularly pronounced at low biases, which reflects the rapid increase of the photocurrent close to zero bias. On the other hand, the photocurrent increased more rapidly at V DC < −17 V, possibly because of the aforementioned gain mechanism. The dark current I d increased with increasing V DC but was as low as 40 nA even at V DC −18 V. To evaluate responsivity, we estimated the net input power to the PD. The loss from the laser source to the fiber with lens was 3.5 dB. The coupling loss at the spot-size converter was 1.5 dB. The on-chip loss of the waveguide from the spot-size converter to the PD of one arm of the MZ was 4 dB, including a waveguide loss of 0.8 dB and essential and excess losses at the multimode interference branch of 3 dB and 0.2 dB, respectively. The coupling loss between the wire waveguide and PCW was 1 dB. Thus, the total loss was approximately 10 dB and the net input power was −4 dBm for a laser source output of 6 dBm. The estimated responsivity, shown in Fig. 2(b) , reached 0.15 A∕W at V DC −18 V, which is 13 times the responsiv- ity without bias. Figure 2(c) shows the responsivity and n g spectra at V DC −18 V. As mentioned above, n g increased gradually with wavelength toward the photonic band edge at approximately 1540 nm in the PCW with no lattice shifts. The responsivity obviously increased with n g , confirming slowlight enhancement, with the highest responsivity obtained at n g 50. More precisely, the responsivity increased more rapidly than n g . In addition, the responsivity showed large oscillation at n g > 50. This effect might be caused by the change of the modal distribution with n g , which changes its overlap efficiency with the depletion region of the p-n junction. When we introduced a lattice shift to the second rows of holes, an almost flat n g spectrum with n g ≈ 50 was obtained with a working spectrum Δλ 10.5 nm [17] . If we introduce this lattice shift to the PD, we will be able to obtain a comparably high responsivity over the same working spectrum, thus providing a more practical performance than can be provided by resonators such as microrings and photonic crystal cavities.
We also measured the response for high-speed signals. Continuous laser light at λ 1537 nm was modulated by a LiNbO 3 modulator driven by non-return-to-zero, pseudorandom-bit sequence (NRZ PRBS) signals from a pulse-pattern generator (Anritsu MP1800A and MU183020A). Modulated light was amplified by an erbium-doped fiber amplifier and followed by bandpass filtering to eliminate the amplified spontaneous emission noise incident on the device. The eye pattern obtained on application of V DC −18 V was measured by a sampling oscilloscope (Keysight 86100C and 83484A) (cutoff frequency 50 GHz). In this experiment, light intensity was first set at 5 dBm in the PD (15 dBm at the laser source). Eye patterns for different bit rates are shown in Fig. 3(a) . A high signal-to-noise ratio and eye openings were confirmed for 10 and 20 Gb∕s, while the eye closed gradually for higher bit rates. Because the response speed might be limited by the transit time of carriers at the p-n junction, we increased the bias to V DC −25 V and measured eye patterns again, as shown in Fig. 3(b) . The eye openings became clearer again up to 30 Gb∕s, even though the light input was decreased to 1 dBm in the PD (11 dBm at the laser source). At this bias, the responsivity increased to 0.36 A∕W and the dark current increased to 1.4 μA. For this responsivity, the absorbed power by the mid-bandgap states was roughly estimated to be 3% of light input, assuming an avalanche gain of ∼10. In the PCW, the scattering loss and free carrier absorption loss were also estimated to be 50 dB∕cm and 60 dB∕cm, respectively, which correspond to 2.2 dB 40% in total for the 200 μm device. The remaining 57% might pass through. Therefore, the responsivity will be improved by elongating the device, although the high-speed response will be degraded simultaneously.
In summary, we compare the performance of our PDs with those of sub-bandgap Si PDs reported so far (Table 1) . Here, we limit the targets to those having a sufficiently wide working spectrum and consider our PDs to have a wide spectrum, assuming the aforementioned experimental results in Ref. [17] . As seen in Table 1 , the dark current is usually higher than sub-μA in previous devices when the responsivity is higher than sub-A/W. Because we did not conduct ion implantations to our PD and its p-n-junction is separated from the holes of the photonic crystal, its responsivity is moderately lower than the others,' but its dark current at V DC −18 V is much lower. A high gain that provides a particularly high responsivity clearly limits the 3-dB bandwidth f 3 dB . Based on this, we can define the figure-of-merit (FOM) of the PD as R · f 3 dB ∕I d . Our PD achieved the highest FOM at V DC −18 V and the FOM at −25 V is still better than most of the other reported PDs. The responsivity of 0.36 A∕W will be improved to higher than 0.5 A∕W by elongating the device and optimizing the profile of the p-n junction to maximize the modal overlap. The bandwidth will also be increased by optimizing the device length and reducing the series resistance. Based on these results, our PD has a great potential to satisfy all requirements for becoming a practical device. In addition, as our device is fabricated by a standard Si photonics CMOS process without Ge or mid-bandgap-state-increasing processing, it also has a potential to find use as an optical transceiver.
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